HIV integrase mutation T97A emerges after suboptimal therapy with integrase strand transfer inhibitors (INSTIs), but the contribution of T97A to dolutegravir resistance remains uncertain. Here we report >10-fold increase in dolutegravir resistance after the single addition of T97A in 2 individuals with prior INSTI resistance receiving dolutegravir salvage therapy.
Integrase strand transfer inhibitors (INSTIs) are recommended for most individuals with HIV infection initiating combination antiretroviral therapy (ART), and dolutegravir is now recommended as first-line therapy in resource-limited countries [1] . Dolutegravir (DTG) is also often used as part of salvage regimens. Antiretroviral resistance to INSTIs develops under suboptimal therapy, with several characteristic mutation pathways [2, 3] , but the contribution of accessory mutations remains uncertain. T97A is an accessory mutation frequently co-selected with additional drug resistance mutations (DRMs) including Q148H and G140S in individuals failing raltegravir (RAL) or elvitegravir (EVG) therapy [4, 5] and contributes substantially to resistance to these first-generation INSTIs. However, the contribution of T97A to DTG resistance in the presence of other INSTI mutations has not been well described. We report 2 individuals with subtype B HIV and extensive multiple drug class resistance, including preexisting INSTI-associated mutations, who initiated DTG as salvage therapy. The T97A mutation emerged in both cases and was accompanied by a substantial decrease in DTG susceptibility.
CASES
Both participants enrolled in a research protocol at the National Institutes of Health (NIH) Clinical Center investigating the management of people living with HIV experiencing antiretroviral failure (NCT 01976715). The protocol includes inpatient directly observed therapy (DOT) to assess antiretroviral regimens. The study was approved by the Institutional Review Board, and written informed consent was obtained.
Participant #1 is a 52-year-old man with HIV diagnosed in 1989 who subsequently had an extensive history of antiretroviral drug (ARV) exposure and 4-class drug-resistant HIV-1 (Supplementary Tables 1 and 2 Tables 2 and 3) . In October 2014, his ART was changed to DTG (twice daily) + darunavir/ritonavir (twice daily) + tenofovir DF/ emtricitabine + maraviroc (genotypic susceptibility score [GSS] 1.25). His plasma HIV RNA levels declined according to well-described first-and second-phase kinetics and were <40 copies/mL at 12 weeks. At 24 weeks (Supplementary Figure 1) , however, his HIV-1 RNA rebounded to 1638 copies/mL and remained elevated thereafter. His darunavir and DTG concentrations, performed at 6 study visits, had consistently been within therapeutic range, including on the day of viral rebound. A repeat INSTI genotype noted T97A (Supplementary Tables 2  and 3 ). Several polymorphisms were also detected in NGS that were not detected at baseline and were not previously Table 4 ). Phenotyping noted an increase in DTG FC from 4.61 to 66 (Figure 1; Supplementary Table 3 ). Repeat tropism again revealed R5-tropic HIV.
Participant #2 is a 52-year-old man diagnosed with HIV in 1993 who also had an extensive history of ARV exposure and resistance to all FDA-approved antiretrovirals (Supplementary  Tables 1 and 2 ). In November 2014, a PhenoSense Integrase GT assay detected DRMs to NRTI, NNRTI, PI, and the INSTIassociated mutations E138T, G140S, and Q148H. It demonstrated partial sensitivity to DTG (FC 6.71) (Supplementary Table 3 ) and sensitivity to tenofovir DF and abacavir. Retrospective NGS analysis of a plasma sample from November 2015 (while the individual was on RAL) did not reveal the T97A mutation. In January 2016, a new regimen of DTG/abacavir/lamivudine + tenofovir DF was initiated, all taken once daily (GSS 0) to reduce pill burden. Despite the presence of preexisting INSTI DRMs, the DTG dose was not increased to twice daily as recommended. He took the new regimen intermittently for 11 months. In November 2016, his HIV-1 RNA level was 54 443 copies/mL, and NGS sequencing analysis detected no additional INSTI-associated DRMs. The DTG/abacavir/lamivudine + tenofovir DF regimen was continued; he reported adherence from November 2016 to the time of NIH study enrollment in January 2017.
At enrollment at the NIH, his HIV-1 RNA level and CD4 count were 44 186 copies/mL and 51 cells/mm 3 , respectively (Supplementary Figure 2) . NGS detected T97A in addition to the previously detected integrase mutations (Supplementary Table 2 ). PhenoSense Integrase assay showed DTG resistance, with an increase in FC from 6.71 to 119 (Figure 1 ; Supplementary 
DISCUSSION
Although selected by DTG in RAL-or EVG-experienced individuals [4, 6, 7] , there are limited data on the impact of the sole emergence of T97A to DTG in the presence of other INSTI-associated resistence mutations in B or non-B subtypes. However, a retrospective analysis reported the probability of having a detectable HIV-1 RNA at the last follow up study time point was higher in INSTI experienced patients with non-B viral subtypes and detectable HIV-1 RNA at the time of DTG initiation [8] . T97A is infrequently present (1%-5%) in INSTInaïve individuals, though it is reported at a higher rate in HIV-1 subtypes A, J, and P [2, 3] . In site-directed mutagenesis studies, T97A alone has minimal impact on INSTI susceptibility or HIV replication capacity [9] [10] [11] . Although amino acid 97 is within the catalytic core domain of the enzyme, it is not positioned near the active site but may interact with portions of INSTI [10, 12] . In an analysis of clinical isolates from INSTI-treated individuals, it has been associated with 5-10-fold reduced susceptibility to RAL and EVG when present with other accessory resistance mutations or minority variant primary resistance mutations [13] . T97A has also been reported in pooled clinical trial data of RAL and EVG from ARV-naïve and INSTI-naïve ARV-experienced individuals [2] . Of 3881 individuals enrolled across 16 clinical trials, the T97A mutation emerged alone in 8 individuals (EVG, n = 6; RAL, n = 2) who were treatment experienced, without primary INSTI-associated DRMs and after at least a year on therapy.
Here we describe emergence of T97A in 2 heavily treatment-experienced individuals within 8-24 weeks of receiving DTG-containing salvage therapy, which was accompanied by a >10-fold increase in IC 50 to DTG. In both individuals, NGS did not detect T97A before DTG therapy, but the mutation was readily detectable (NGS, in ≥95% of sample) within weeks of starting or restarting DTG. In participant #1, the mutation emerged at viral rebound while on an optimized regimen containing DTG 50 mg twice daily, darunavir 600 mg/ritonavir 100 mg twice daily, maraviroc 150 mg twice daily, and emtricitabine/tenofovir DF 200/300 mg daily. It should be noted that the participant's therapeutic DTG and darunavir levels do not preclude intermittent adherence between clinic visits. Participant #2 developed the T97A mutation while on a suboptimal regimen including once-daily DTG/ABC/3TC and tenofovir DF. It is likely the once-daily DTG, rather than recommended twicedaily, may have contributed to the emergence of the T97A mutation, which highlights the importance of ensuring appropriate dosing for highly treatment-experienced patients receiving DTG as part of salvage therapy. We noted several additional polymorphisms emerged during DTG therapy (Supplementary Table 4 ) which have not been previously reported as INSTIassociated DRMs; however, none were common to both individuals. Additional study will be necessary to determine their significance.
Emergence of the T97A mutation leading to reduced susceptibility to DTG in INSTI-experienced individuals was first reported in the VIKING trials [4, 6] . Individuals developed high-level resistance within 4-24 weeks of DTG, and T97A was usually accompanied by additional mutations. Data from our 2 participants suggest that the single emergence of T97A in HIV with preexisting major integrase DRMs may be rapid and lead to more profound reduction in DTG antiviral activity. In the VIKING phase IIb trial, 2 subjects received twice-daily DTG after DTG functional monotherapy and subsequently developed the T97A mutation. One experienced protocol defined virologic failure (PDVF) at week 8 (DTG FC 42.32), and the second at week 16 (DTG FC 93) [6] . In these cases, genotypic analysis revealed that T97A emerged in addition to other mutations, including E92E/Q, E138E/K, and N155H. It is possible that these VIKING participants developed T97A quickly but it was not detected until after they had acquired additional mutations. In VIKING-4, 2 subjects with baseline integrase substitutions at positions 140 and 148 developed T97A as the only new INSTIassociated DRM. T97A emerged at week 32 (DTG FC 55) and day 28 (DTG FC 32) [4] . The observed increases in DTG FC were higher in our 2 participants (66 and 119, respectively) after the sole emergence of T97A compared with reported increases in DTG FC in the VIKING trials.
We discontinued DTG in our 2 participants to avoid selection of additional integrase mutations, in anticipation of the future development of newer INSTIs that attempt to optimize strand transfer inhibition in the setting of major resistance mutations [14] . Bictegravir and cabotegravir are not likely to be effective treatment options for these individuals. In an analysis of individual derived isolates with E138K, G140S, and Q148H, the FC to bictegravir is reported to be as high as 19-fold (2-19), whereas baseline DTG FC was 63 (3-63) [13] . Several INSTIs under development retain potent in vitro antiviral activity against mutations at positions N155, G140, Q148, and T97A, and may show promise as candidates for drug development [15] . Although the utility of recently approved and investigational ARVs in these and similar cases remains to be determined, particularly in the setting of prior medication nonadherence, it is important for providers to consider last-line and investigational treatment options. Participant #1 declined enfuviritide, and participant #2 had previous treatment failure on enfuviritide. The novel CD4 postattachment inhibitor ibalizumab may be considered for heavily treatment-experienced individuals with an optimized background regimen that includes at least 1 fully active agent. The gp120 attachment inhibitor fostemsavir is also currently under investigation in treatment-experienced individuals with ≤2 active agents and may offer an additional option in the future [16] .
These cases highlight the complex challenges in the management of heavily treatment-experienced individuals with HIV, many of whom have problems with medication adherence and are on deep salvage therapy with limited effective treatment options. DTG represents a strong antiretroviral choice, but our experience with these 2 individuals suggests that the emergence of T97A in HIV with preexisting major integrase DRMs may be relatively rapid and lead to profound reduction in antiviral activity of DTG. Close clinical evaluation with more frequent viral RNA monitoring is prudent in these patients.
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